Over the years left ventricular assist devices (VADs) have become more durable and reliable, smaller, simpler, easier to implant and more comfortable [1] [2] [3] . Along with improvements in technology an extensive experience has now been gained with use of VADs showing that they lead to successful hospital discharge and outpatient management for periods of months to years, and significant recovery of functional status. The current approach in most centers is now to delay relisting of patients for heart transplantation (HT) until they have recovered physical condition and are stable [4] . We are entering an era in which long-term mechanical circulatory support is becoming a realistic alternative to HT and a life-line for the vast majority of advanced heart failure (HF) patients, ineligible for transplantation due to co-morbidities. However the extension of VADs from 'bridge' to 'destination' therapy has revealed limitations in our understanding of these populations.
tion, a key point for success in terms of quality of life and survival is preparing the VAD patient for life outside of the hospital. Finally, we present here practical insights gained from our 3-year experience in management of VAD patients in our Rehabilitation Centers, while the candidacy criteria of VAD implantation, and early postoperative management are beyond the scope of this paper, and we refer the reader to dedicated reviews [5] [6] .
Management of the outpatient on long-term
left ventricular assist device support
Heart failure management after left ventricular assist device implant
Heart failure management after left VAD implant should include the application of standard American College of Cardiology/American Heart Association (ACC/AHA) recommended evidencebased medications for HF -angiotension inhibitors and receptor blockers (ARB), beta-blockers, and aldosterone antagonists [7] . In addition to offering some patients the chance for myocardial recovery while on VAD support, these medications work with the VAD to reduce the activation of the renin-angiotensin-aldosterone system (RAAS) and sympathetic nervous system (SNS). The RAAS and SNS not only play a critical role in adverse myocardial remodeling that may impact long-term left and right ventricular performance, but they also drive fluid retention and increase systemic afterload. Hydralazine and nitrate combination therapy can be added to the medical regimen of patients who are on maximal tolerated doses of the above medications, particularly in the setting of elevated pulmonary vascular resistance or systemic hypertension.
Based on our experience, we have developed a graded pharmacological management plan to promote the prescription of evidence-based cardiovascular drugs in VAD patients during inpatient cardiac rehabilitation (figure 1); although VAD complications may mean that the plan has to be adapted, the general goal is to try and achieve the optimization of pharmacological therapy during hospital stay. Due to the fact that long-term medical and rehabilitation management of LVAD patient is in its infancy, we are conscious that this schematic and pragmatic "step up" clinical approach is open to criticisms.
Hypertension
With axial flow devices, conventional measurement of blood pressure (BP) is difficult, and it is common practice to measure mean BP by Doppler method. In the immediate postoperative period, an arterial line is used to follow BP. Once the patient is mobile and in the outpatient setting, Doppler measurement with a manual BP cuff is used by listening to the first Korotkoff sounds, assumed to represent the mean BP. There appears to be a predisposition for patients to develop hypertension post-VAD implant and management of this is crucial. We strive to maintain mean BP between 70 and 90 mmHg to prevent end-organ damage and to lower possible risks of cerebral bleeds. In the case of hypotension, we recommend to adjust vasoactive medications or consider volume expansion; in the presence of hypertension, a decrease of afterload with medications and volume overload with diuretics are recommended.
Management of volume status and hydration
It is common for VAD patients to become dehydrated as they continue to limit their oral intake and maintain a salt-restricted diet. To help monitor volume status after discharge, patient self-care routines should include daily charting of weight with attention to symptoms such as orthostatic hypotension. Patients should be prompted to call if their weight fluctuates more than 1.5 kg during a 24-hour period. An echocardiogram study is recommended to verify that the pump is set at the proper speed [8] .
Management of arrhythmias
Patients in atrial flutter or fibrillation may receive mechanical support, but maintenance of a sinus mechanism is preferred [8] . Ventricular arrhythmias are not uncommon in VAD patients, especially those with an underlying ischemic cardiomyopathy [9] . Often, ventricular tachycardia (VT) or fibrillation may cause change in VAD flow, with relative preservation of cardiac output and consciousness [10] . These arrhythmias, however, are associated with a more malignant course and increased mortality risk and the use of implated cardioveter defibrillators (ICD) is recommended [11] . With axial flow pumps, excessive ventricular unloading leading to suction of the left ventricular wall or septum into the draining cannula can induce VT. This is the most common cause of VT in axial pumps and ceases after clearance of suction [12] . If VT is suspected, an echocardiogram should be performed.
If repeated or sustained ventricular arrhythmias occur, the following steps should be taken: 1) decrease pump speed if arrhythmias occur with suction events, 2) evaluate pump speed under echocardiography for excessive unloading or for contact between the inflow cannula and LV wall (if there is evidence of a decrease in flow, or changes in power, or pulse index), 3) assess carefully the right ventricular (RV) function, 4) consider anti-arrhythmic medications, 5) consider cardioversion.
Cardioversion or defibrillation is possible with all technologies, as is intubation. When external defibrillation is required, the VAD system controller should be disconnected before delivering the shock to avoid electronic disruption. Cardiac arrhythmia should not be treated in an asymptomatic individual if the device is functioning properly. Chest compression may lead to dislodging of the tubing or damage to the device itself. Most importantly, if it is possible, emergency personnel, the patient and caregivers should be educated on the therapies that can or cannot be delivered [13] .
Ventricular function and VAD support

Left ventricular function
A discussion of device-specific speed/flow management for all VAD models and manufacturers is beyond the scope of this paper. In general, care strategies aim to set device speeds/flows to optimize left ventricular preload and afterload while simultaneously avoiding perturbation of RV wall stress. Continuous flow devices (in particular centrifugal pumps) are afterload sensitive and a tight blood pressure control is needed to facilitate optimal device flows and reduce device power consumption. Echocardiography is fundamental to guide left VAD speed/flow optimization. Device settings should allow for decompression of the left ventricle (LV), leading to a reduction in left ventricular volumes and/or dimensions from pre-implant measures. With appropriate left VAD flows/speeds, left ventricular afterload is reduced and, consequently, mitral regurgitation should be insignificant. The apical four chamber view is useful for visualization of the interventricular septum and the left ventricular inflow cannula. Leftward displacement of the septum induced by high left VAD inflows should be avoided due to its impact on RV wall stress and risk of device-induced suction events. Doppler interrogation of the inflow cannula should be without turbulence. Elevated inflow velocities could indicate device thrombosis. A sign of poor LV unloading in some patients is the degree of mitral regurgitation (MR): if the patient has severe MR, consider increasing the pump speed and evaluating inflow and outflow position [8] .
Finally, there is growing evidence that aortic insufficiency tends to progress with duration of left VAD support, possibly due to left VAD-induced shear-stress damage to the aortic root and the root side of the aortic valve [14] [15] . Although the clinical impact of aortic insufficiency on left VAD outcomes is not yet known, it could lead to ineffective left VAD output through blood recirculation. Thus, aortic insufficiency should be monitored in patients on left VAD support and device speeds may need to be adjusted accordingly if clinical HF is noted with aortic insufficiency progression. There are data to suggest that a fully opening aortic valve may have less propensity for developing regurgitation [15] . Up to now, it is unclear whether optimizing device speeds to ensure regular valve opening can prevent the development of aortic insufficiency. A regularly opening valve will reduce the likelihood of leaflet fusion, and maintenance of normal aortic valve operation is likely important for those in whom myocardial recovery is anticipated. The risk of development of aortic root thrombosis is also lessened in the setting of intermittent aortic valve opening.
Right ventricular function
General considerations for evaluating and managing RV function and setting the pump speed in the post-operative setting include to avoid setting the pump speed so high that it causes a significant leftward septal shift and abnormal RV geometry, which can adversely affect RV function. High pump speeds also can collapse the LV and obstruct flow through the LVAD inlet cannula draining the LV. If a patient is clinically decompensating, with signs of poor forward flow or right heart failure, a repeated echocardiogram is recommended to reevaluate pump speed and exclude possible tamponade. When the pump speed is set, the RV should be assessed to see if it becomes dilated and hypocontractile at high or low speeds. Increasing pump speed is crucial, because once the RV begins to show signs of failure it can be very difficult to reverse.
Device management
Pump operating parameters are not surrogates for monitoring the patient's clinical status. Changes in all the parameters must be taken into account when assessing a situation. Owing to variability between patients, trends observed in the system parameters are usually of more value than the absolute values presented. Abrupt changes in the parameters not associated with normal physiologic changes (i.e. exercise) can be used to identify conditions that warrant further evaluation. The use of VAD parameters in troubleshooting selected complications is presented in dedicated reviews [8, 13] .
Infection
The Achilles' heel of VAD therapy is infection. Until a fully implantable technology is available, infection will remain the largest obstacle to the success of truly long-term VAD support. Infections occur in 18-59% [8, [16] [17] [18] of VAD patients. HF severity and duration, advanced age, comorbid disease, immunosuppression, suboptimal nutrition, presence of indwelling catheters, and prolonged hospital stay are factors that could contribute to an overall increased risk of infection in VAD patients [20] . Left VAD-related infection can involve every aspect of the device: the surgical site, the driveline, the device pocket, or the pump itself. More than half of all VAD-related infections include multiple sites [20] . In general, driveline infection is the most common, and most VAD-related infections occur between 2 weeks and 2 months after implantation: in most cases, the risk of driveline infection peaks earlier than pump pocket infection, and the cumulative risk of infection increases with duration of VAD use [20] . Antimicrobial prophylaxis administered in the perioperative period is targeted at culprit Gram-positive organisms (Staphylococcus species) as well as certain Gram-negative (Pseudomonas, Serratia) and fungal (Candida) pathogens. The duration of postoperative antimicrobial therapy and the specific regimens administered differ across VAD institutions. Most will continue oral therapy until full driveline incorporation, which occurs between 3 and 6 months postoperatively.
The driveline exit site requires daily disinfection and dressing changes with aseptic technique. If necessary, dressing changes should be done more frequently to keep the wound dry and clean. Some sources recommend silver-impregnated dressings [18] . Stabilization of the driveline is also important.
Abdominal binders are often used [21] while additional gauze, tape, sutures, or stoma-adhesive devices are also recommended [22] . Education of the patient to avoid driveline trauma and to alert the care team if the driveline becomes unstable may also be helpful.
Although infection remains a common complication of VAD placement, there is evidence that the infection rate is declining. A study comparing data from the REMATCH trial to the outcome of patients on destination therapy following market approval of the HeartMate left ventricular assist device demonstrated that the rate of sepsis had decreased from 0·60 to 0·46 events per patient-year and the rate of driveline/pocket/device infection had dropped from 0·54 to 0·38 events per person-year since 2001 [23] . These decreases may be due to improved patient selection and management, including better antimicrobial prophylaxis and improved devices (e.g. smaller size, more durability). In addition, improved outcomes after the REMATCH trial may reflect physician experience, as evidenced by a lower incidence of sepsis at specific investigative centers during the trial [23] . Despite these improvements, the rate of device-related infection still remains unacceptably high and limits the outcome of long-term therapy in the treatment of end-stage HF. Tables 1 and 2 report the management protocol for driveline infection prevention and care in in-patient cardiac rehabilitation [24] [25] , based on the experience of our Institute.
Ventricular assist device-related endocarditis
When the inner components of the ventricular assist device are infected, a VAD-related "endocarditis" is established. VAD patients frequently have bacteraemias and fungaemias, as a result of coincidental nosocomial infections such as catheter-related infection, pneumonia and urinary tract infection. Infections arising from other parts of the device, such as the pump pocket and driveline exit site, may also lead to bacteraemia or fungaemia [20] . The probability of an organism in the bloodstream adhering to the ventricular assist device and causing VAD-related endocarditis depends on the characteristics of the device surface, the amount of turbulent blood flow in the device, and the adherence properties of the organism [26] . Device design may help reduce susceptibility to VAD-related endocarditise.g. rotary (axial) pumps with continuous rather than pulsatile flow may have lower infection rates [27] .
Bleeding risk versus thrombosis and thrombotic complications
Anticoagulation and antiplatelet therapy are required for most VADs due to the potential for in-situ device thrombus formation and cardio-embolic complications. INR therapeutic range is recommended by the VAD manufacture: if the VAD patient is exposed to the risk for ischemic event, the upper limit of INR range should be pursued while for those at risk for hemorrhagic episodes, the lower limit should be the reference.
For the HeartMate II device, rates of device thrombosis in the major trials were very low (0.02-0.03 events/patient-year), with rate of ischemic stroke ranging from 0.06 to 0.13 events/patient-year [2, 4] . No device thrombosis occurred in the XVE arm of the HeartMate II Destination Therapy trial, and ischemic stroke rates were 0.10 events/patientyear [2] . In the outpatient setting, close monitoring of INRs, serum lactic acid dehydrogenase, serum free hemoglobin, bilirubin, and hematocrit levels is important.
Acquired von Willebrand syndrome with a reduction in von Willebrand factor (vWF) high molecular weight multimers has been well characterized and tends to have an early onset (as soon as 24 h) after VAD support, resolving upon device explant [28] [29] [30] [31] . Other VAD-induced changes in the coagulation system include a reduction in factors XI and XII and an increase in markers of fibrinolysis [30] . In the major trials, bleeding requiring blood product transfusion occurred in 42-81% of patients and bleeding requiring surgery occurred in 15-30% of VAD patients [1] [2] 4] . Hemorrhagic stroke rates range from 0.05 to 0.11 events/patientyear [1-2, 4].
Of growing concern are complications from gastrointestinal bleeding. Similarly to Heyde's syndrome in aortic stenosis, patients on VAD support can develop gastrointestinal arteriovenous malformations with high propensity for bleeding due to acquired vWF deficiency. Cohort studies show a cumulative incidence of gastrointestinal bleeding ranging from 32% to 40% with a mean time to first bleed of 112 and 87 days, respectively [28, [31] [32] ]. Angiodysplastic bleeds can occur anywhere in the gastrointestinal tract, tend to be recurrent, and carry associated burdens of blood transfusion and allosensitization risk. Compared with pulsatile flow devices, the risk for angiodysplasia development appears to be higher in patients supported with continuous flow VADs. Unfortunately, there is no known intervention to prevent or reduce gastrointestinal bleeding risk.
Discharge plan; patient and family education
Successful discharge planning begins preoperatively, with assessment of the patient's cognitive abilities, support system, home environment, and financial considerations [8, 13] . Device education and self-care management should be completed by the VAD team. In addition to the extensive in-patient education provided after VAD implant, re-education in the outpatient setting is also crucial. Patients and caregivers should receive frequent reviews on 1) device alarms; patients should be educated to record VAD information every day on a chart, that assists them in knowing what their "normal" VAD parameters are; 2) proper battery management: changing batteries, carrying back up batteries, purchasing an electric generator for emergency use; 3) aseptic driveline care and occlusive bandagˆing; 4) driveline fixation: proper positioning and sizing of the abdominal binder, proper fixation of leads to avoid fracture, high-risk activities that may increase driveline infection risk; 5) controller fixation; 6) signs and symptoms of gastrointestinal bleeding.
In practice, the discharge of a VAD patient is a complex and time consuming procedure: discharge criteria from the cardiac rehabilitation program are listed in table 3; in addition, several care organization items need to be tackled before the patient leaves the hospital (table 4) .
Although the VAD coordinator (see below) is usually the person charged with training patients and their family members/caregivers, and assuring follow-up throughout VAD support, all HF team members have valuable contributions to make when preparing the patient for discharge. When appropriate, the patient's primary care physician should be involved, and communication among all team members should be coordinated [8, 13] .
Psychosocial issues and end-of-life concerns
Before VAD implantation, patients must be screened for emotional and psychological readiness, family and social support, and home safety [33] [34] . Family members or friends should be aware that the demands on them will be great. VAD patients face a unique set of challenges including the loss of independence, concern with burdening caregivers, fear of the complexity of managing the device or related equipment, change in family dynamics, strain on finances, and fear of dying. Poor adherence to medicine intake and follow-up, for instance, could be an expression of anxiety or of anger, irritability, agitation, frustration, intolerance, sleep disturbances or nightmares. If a VAD patient manifests such behaviors, it might be advisable to try to get them to talk about their traumatic experiences and possibly to consult a psychologist [35] .
Finally, perhaps more so than for any other form of therapy, with VAD implantation there must be a clear understanding among the patient, family, and healthcare providers of end-of-life issues. VAD technology has the ability to maintain stable hemodynamics despite difficult and unanticipated complications that the patient, family, and healthcare providers do not wish to suffer. To avoid confusion and in addition to a conventional will, the patient's and family's end-of-life desires should be documented prospectively. Such documentation should include the circumstances under which the VAD will be turned off, which would result in almost certain death.
Living with a VAD
Although left VAD support is not without complications, patients spend most of their time outside the hospital setting. As outpatients, they may resume many of their previous normal activities, but some restrictions are necessary to ensure patients' wellbeing and optimal device function. Due to the sensitive nature of these machines, patients should avoid extremes of temperature for prolonged periods of time [13] . Because VAD patients remain permanently susceptible hosts to infection, they should be cautious in surroundings that can place them at a greater risk (e.g. day care facilities, contact with sick individuals, crowded living conditions, poor hygiene). It is recommended that individuals avoid power stations and power lines for possible electrical interference [8, 13] .
A multidisciplinary approach: role of cardiovascular prevention and rehabilitation programs
Adequate cardiac rehabilitation (CR) including physical, occupational, and nutritional therapy is a central part of the patient's recovery from VAD implantation [13] . Although most CR facilities are unwilling to take VAD patients due to a lack of training or knowledge about the technology, this can be overcome with a strong collaborative relationship [36] . Since adequate exercise performance for daily life activities is a mandatory pre-requisite for per- 13. Readiness of the patient's home manent VAD support, an intensive multidisciplinary cardiac rehabilitation (CR) program has the potential to both increase exercise performance and improve quality of life. After VAD implantation, recipients should initiate an exercise program as soon as possible, based on a series of sequential exercise steps [34] . Criteria for beginning the exercise program or interrupting the exercise session, which should be standardized, are reported elsewhere [37] . We have developed an individualized functional evaluation scheme, including echocardiogram, 6-minute walking test and cardiopulmonary exercise test, according to an early mobilization "10 step up" exercise program (figure 2): the initial step, the modality and intensity of each exercise session as well as the progression of the overall program is generally evaluated by the VAD coordinator in conjunction with the physical therapist. Clinical status and functional abilities screening are fundamental prerequisite for exercise progression in the individual LVAD patient.
A multidisciplinary CR and preventive approach to VAD patient care includes cardiac surgeons, HF specialists, infectious disease consultants, physiotherapists, exercise physiologists, psychologists, dietitians, and social workers [8, 13, 36, 38] . In the team, if possible, a specialized cardiologist should be the VAD coordinator [38] , and should be knowledgeable about VAD-related cardiac physiology at rest and during exercise, including the interpretation of hemodynamic data and responses to pharmacological manipulation. In addition, the coordinator should be trained in the following: 1) mechanical problems related to the VAD, valve conduit, right ventricular dysfunction or ischemia, tricuspid regurgitation, aortic regurgitation with shunting of VAD output, pulmonary vascular resistance, systemic vascular resistance, and patent foramen ovale with hypoxemia, 2) interpretation of LVAD-related hemodynamics based on noninvasive, invasive, and console data, 3) supraventricular and ventricular arrhythmias pertinent to the device, such as suction events with axial flow devices, 4) hematological issues, including bleeding and thrombosis associated with antiplatelet and anticoagulant therapy, and device-related hemolysis, 5) infectious complications, 6) common symptoms and signs-dyspnea, fatigue, fever, anemia, 7) device alarms, 8) physiological and device-related factors affecting longevity, 9) nutritional deficiency, 10) psychosocial status and quality of life, 11) right-heart catheterization data, 12) the role of exercise and rehabilitation therapy.
The health care professional figures, working in a team tactic, in our in-patient CR and prevention program are reported in figure 3: while many tasks can be shared by more than one team member, some tasks require specific skills and expertise and should be performed by the appropriate, designated health professional. Team members may have different backgrounds and training and therefore different areas of expertise. To avoid overlapping of roles, we have determined in advance those tasks which should be undertaken by a designated team member and those which may be shared by several team members. Finally, team meetings to facilitate communication between team members and to provide regular opportunities to discuss patients who have been recently enrolled or those who are experiencing problems are programmed on a regular basis.
The program director should be a cardiologist with good organizational, management and interpersonal skills, while the LVAD coordinator is a cardiologist that is familiar with both VADs and surgical interventions and must have experience regarding pulsatile versus axial/continuous flow devices, intracorporeal versus extracorporeal support, left ventricular versus biventricular or total artificial heart support, and with the mechanical problems related to the VAD as well as alarms interpretation. A good interrelationship between these specialists is essential to ensure efficient running of the rehabilitation program.
A proactive approach to outpatient VAD care can help identify problems earlier with more effective treatment [8, 13] . The following aspects of long-term management warrant consideration: 1) the frequency of follow-up clinic visits varies among patients, depending on medical issues, concerns for selfcare; 2) patients should return to the clinic weekly until the VAD team determines that less frequent visits are prudent; 3) follow-up by telephone calls may be useful in maintaining a constant communication with VAD patients, especially those who do not live near the implant or rehabilitation center; 4) anti-coagulation therapy must be carefully monitored; 5) outpatients should be assessed whenever significant changes in pump function are observed and after any alarm condition: 6) changes in exercise tolerance, weight, appearance of the percutaneous lead exit site, or other symptoms should be considered as potentially serious adverse events, and a thorough evaluation should be promptly performed; 7) outpatients must have access to the VAD team at all times and have the appropriate contact information in case of emergency or for questions and technical support; 8) serial echocardiograms with a ramped speed study during routine clinic visits may be useful to reassess the pump speed setting and to evaluate the potential of myocardial recovery [8] .
Conclusion
VAD therapy offers patients with advanced HF improved survival and quality of life. It is developing into a reliable therapeutic option and, for some patients, the VAD will in all likelihood enable them to delete the first two letters of the word "incurable". The current task is to promote awareness of the benefits of this technology in the greater cardiology community. We believe that the most powerful tool might be the patients themselves since, as more patients receive VADs and return to their communities with improved quality of life, they will serve as ambassadors. The development of dedicated cardiovascular prevention and rehabilitation programs might further help to raise awareness about the benefits of VAD therapy.
